Photophosphorylation in vivo by Chlorobium limicola was inhibited by lipophilic cations and the energy-transfer inhibitors diphenylphosphorylazide, Dio-9, 4-chloro-7-nitrobenzofurazan and chlorhexidene. Membrane-bound ATPase activity was also inhibited by these energytransfer inhibitors. The formation of a membrane potential was stimulated approximately 1 -7-fold on illumination, rising to a value between -1 10 and -150 mV. The sensitivity of the processes producing this membrane potential to uncouplers, energy-transfer inhibitors and 2-heptyl-4-hydroxyquinoline-N-oxide was measured in the light and the dark.
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I N T R O D U C T I O N
In a previous investigation of photophosphorylation in Chlorobiaceae (Burns & Midgley, 1976) it was shown that an ATPase was associated with the cytoplasmic membrane of Chlorobium Eimicola f.sp. thiosulphatophilum. This ATPase was sensitive to inhibitors such as carbodiimides and phloridzin. Photophosphorylation, when measured in uivo, was also sensitive to these inhibitors suggesting that the ATPase was involved in this process. It has been suggested, contrary to earlier schemes (Fowler et al., 1971) , that the units catalysing the primary photochemical reactions (bacteriochlorophyll and associated redox components) are located in the cytoplasmic membrane (Olson et al., 1977; Boyce et al., 1977) . The role of the chlorobium vesicle was suggested to be that of an antennae system, the light energy absorbed by the high concentration of chlorobium chlorophyll present in these structures being efficiently transferred to the primary site of energy transduction in the cytoplasmic membrane.
In the work presented here we have extended the range of inhibitors used to study the ATPase and photophosphorylation in vivo, measured the magnitude of the membrane potential (Ay) component of the transmembrane proton electrochemical gradient (A&+) and measured the sensitivity of the process responsible for maintaining Ay/ to a variety of inhibitors. Our results suggest that in the absence of light the cytoplasmic membrane is polarized due to the operation of the membrane-bound ATPase previously characterized. Under conditions of illumination the maintenance of A y was sensitive to both electrontransport inhibitors and ATPase inhibitors.
M E T H O D S
A hhreviations. The following non-standard abbreviations are used : DCCD. N,N'-dicyclohexylcarbodiimide; DICD, diisopropylcarbodiimide; CCCP. carbonyl cyanide nz-chlorophenylhydrazone: DNP, 2,4-dinitrophenol; DDA+. dibenzyldimethylammonium; TPMP'. triphenylmethylphosphonium; chlorhexidene, 1,6-di-4-chlorophenyldiguanidohexane: Nbf-CI. 4-chloro-7-nitrobenzofurazan: DPPA, diphenylphosphorylazide; HOQNO, 2-heptyl-4-hydroxyquinoline-N-oxide.
Organism. The organism used was previously referred to as Chlorobium thiosulphatophylurn (Burns & Midgley, 1976) but is now referred to as Chlor-obiurn lirnicolu. It is strain 8346 of the NCIB.
Growth of organism. Acetate-supplemented medium was used as previously described (Burns & Midgley. 1976) .
A . S I S S O N S A N D M . M I D G L E Y
The preparation of washed bacterial suspensions, membrane-bound ATPase and the assay of ATPase activity (using Assay 1) and photophosphorylation in viuo were also described by Burns & Midgley (1976). Measurement of membrane potential. Values for Aw were calculated from the concentration gradient of Cs+ using the Nernst equation in the following form:
Valinomycin-dependent Cs+ uptake was measured using a rapid filtration assay (Horan el al., 1978) . Suspensions of organisms (0.5 rng protein ml-') were incubated in an atmosphere of 0,-free N, with or without illumination. The concentration of valinomycin was 2.5 ,ug (mg protein)-'. The vessel used was constructed of glass and had four chambers maintained at 37 "C by circulating water. Illumination was provided by four 60 W tungsten-filament bulbs, 1 -5 crn from each chamber. Control experiments demonstrated that illumination in all four chambers was equivalent. Samples were removed at suitable intervals with a syringe through a Suba-seal cap and filtered through Oxoid membrane filters (0.45 pm pore size, 2.5 cm diam.).
A value for the intracellular water of 2.5 pl (mg protein)-' was measured using the method described by
Analyses. P,, bacteriochlorophyll, protein and ATP were measured as previously described (Burns & Midgley,
1976).
Chemicals. Inhibitors were obtained from the sources listed by Stephenson et al. (1978) . Dio-9 was obtained from Gist-Brocades, Delft, Holland and DPPA from Aldrich Chemical Co.
R E S U L T S A N D D I S C U S S I O N
Inhibitor sensitivity of photophosphorylation in viuo. Burns & Midgley (1976) showed that photophosphorylation in vivo was sensitive to the uncouplers CCCP and DNP, the energy-transfer inhibitors DCCD, DICD and phloridzin and the electron-transport inhibitor HOQNO. We have extended the range of inhibitors used in order that the processes involved might be more fully analysed (Table 1 ). The assay in vivo does not lend itself to a greater precision than classifying the degree of inhibition observed into the categories shown. Photophosphorylation was not affected by NaCI, MgCl,, CaCl, or Na,SO, (all used at 30 X~M ) or NaBr (4 mM). In experiments similar to those previously described (Table 3 of Burns & Midgley, 1976) the action of chlorhexidine was shown to be irreversible whereas the action of lipophilic cations was fully reversed by washing.
The inhibition observed with DPPA was notable since Burns & Midgley (1976) showed that N,-was without effect on photophosphorylation although it was a potent inhibitor of ATPase activity in vitro. Our finding with regard to DPPA, which has been suggested to be more lipophilic than N,- (Kin & Anraku, 1974) , indicated that this insensitivity was probably due to inaccessibility of N3--to the ATPase in the intact organism. Burns & Midgley, 1976) was made and the sensitivity of the ATPase to inhibitors of photophosphorylation in vivo was measured ( Table 2) . No inhibition was recorded using HOQNO, uncouplers or lipophilic cations. Inhibition by Nbf-C1 or chlorhexidine was significantly increased if the particulate preparation was preincubated with these compounds; with quercetin or DPPA the degree of inhibition did not increase significantly (results not shown).
Thus there was a correlation between the sensitivity of the ATPase and the sensitivity of photophosphorylation in vivo to energy-transfer inhibitors. These results, together with those presented previously (Burns & Midgley, 1976) are consistent with the operation of a light-driven electron-transport system coupled to ATP synthesis by means of a transmembrane A,iiHl.
Measurement of the transmembrane A&+. In order to establish the role of the ATPase bound to the cytoplasmic membrane we have attempted to measure the magnitude of the A&+ existing across the cytoplasmic membrane of the organisms under various conditions. We have been unable to measure the chemical potential component (ApH) of this gradient by following the distribution of weak acids such as 5,5 '-dimethyloxazolidine-2,4-dione (Waddel & Butler, 1959; Rottenberg, 1975 ) using either flow dialysis or a double-isotope filtration method. However, we have measured the Aly component using bacterial suspensions buffered at pH 6 -8 when the contribution of the ApH component to the overall A&+ was probably small. As described in Methods, the A I~ component was measured using organisms made permeable to Cs+ by means of valinomycin and measuring the accumulation ratio using a filtration technique. The value of the A I~ measured was independent of the valinomycin concentration in the range 2 to 30 pg (ml bacterial suspension)-' and independent of the Cs+ concentration in the range 0.05 to 0.4 mM. When organisms were incubated in the dark a valinomycin-dependent Cs+ uptake was observed that varied with different batches of the organism and Aly fell in the range -65 to -90 mV. In the dark the plateau in Cs+ uptake occurred after 90 min (Fig. 1) . The sensitivity of the process producing this AI,Y was Fig. 1 . Sensitivity to phloridzin of valinomycin-dependent uptake of Cs+ by Chlorobium limicola incubated in the dark. The organisms were washed twice in morpholinopropane sulphonate buffer (40 mM, adjusted to pH 6.8 with Tris base) at 4 "C. Bacterial suspension (1 ml) was added to 4 . 7 ml of similar buffer and 0.3 ml '37CsC1 [2 mM, 2 pCi pmol-' ( 7 4 kBq pmol-')I. Valinomycin (7.5 pl of a 1 mg ml-' solution in methanol) was added after 25 min. Phloridzin (dissolved in methanol) was added at the plateau of accumulation at the concentrations specified. Cs+ uptake was assayed as described in Methods. 0, No addition; , 0 , m, + phloridzin (10, 1 and 0.1 mM, respectively). Table 3 
. Membrane depolarization induced by a variety of compounds in the dark
These results were compiled from a series of experiments such as that described in Fig. 1 . investigated by adding a variety of inhibitors. In initial experiments the A I~ was measured in the presence of DCCD (0.3 mM), phloridzin (10 mM), CCCP (50 PM), TPMP+ (4 mM) and DDA+ (4 mM) throughout the incubation period. All these compounds caused complete depolarization of the membrane. NaN, (30 mM) also depolarized the membrane; however, this was attributable not to N,-but to Na+, since similar effects were produced by NaCl and NaBr. Experiments were then conducted in which Cs+ accumulation was allowed to reach a plateau before the inhibitor was added, since such an approach also gave information on the rate of interaction of the inhibitor with the component responsible for generating the Aiy (Fig.  1) . The results of such experiments are summarized in Table 3 .
Concentration (mM) producing indicated degree of depolarization
Effect of 2-heptyl-4-hydroxyquinoline-A-oxide on valinomycin-dependent Cs+ uptake by illuminated Chlorobium limicola. Bacterial suspensions were prepared as described in Fig. 1 and illuminated as described in Methods. Valinomycin (7.5 pl of a 1 mg ml-' solution in methanol) was added after 25 min. HOQNO was added at the plateau of accumulation at the concentrations specified. In the dark, depolarization of the membrane was not produced by HOQNO at concentrations causing inhibition of photophosphorylation in vivo. Depolarization was produced by MgCl,, CaC1, or Na,SO,, all at 3 0 m~. The magnitude of the Ay/ when inhibitors were present was consistent with such a potential being maintained by an ATPase as indicated by the sensitivity to carbodiimides, phloridzin, DPPA, Nbf-C1 and other inhibit or s .
The magnitude of the Ay/ was stimulated by illumination (Fig. 2) , the degree of stimulation varying with different batches of organism. The range of values observed was -1 10 to -155 mV, so that with a typical preparation the Ay/ rose by a factor of approximately 1.7 on illumination. The process producing the A I~ was insensitive to Na+ in the light but remained sensitive to ATPase inhibitors with unchanged concentration dependence.
In contrast to the observations made with suspensions incubated in the dark the process responsible for stimulating the formation of Ay/ in the light was sensitive to HOQNO at concentrations similar to those inhibiting photophosphorylation in vivo (Fig. 2) .
The possibility that the depolarization brought about by the energy-transfer inhibitors was a secondary rather than a primary effect has been considered. When DPPA, DICD, D C C D or phloridzin were added to suspensions of the organism incubated in the light, the membrane depolarization and the fall in the intracellular concentration of ATP had a similar time course (results not shown).
Our observations are consistent with the operation in the dark of a membrane-bound ATPase maintaining an appreciable A y/ across the cytoplasmic membrane, presumably to drive transport systems and maintain ion gradients under these conditions (Harold, 1974; Hamilton, 1976) . In the light, however, the formation of a Ay/ was stimulated and its maintenance became sensitive to HOQNO. The formation of Ay/ in the light remained sensitive to energy-transfer inhibitors. This could indicate a direct role for the ATPase in maintaining this Av (i.e. by the hydrolysis of ATP generated at a site dependent on electron transport). An indirect role is also possible, for example, a structural or conformational role, such that if flux through the ATPase, in the direction of ATP synthesis, was inhibited then the maintenance of a A v might not be possible. At present we cannot distinguish between these possibilities but the suggestion that the primary photosystems are present in the cytoplasmic membrane (Olson et al., 1977; Boyce et al., 1977) makes it likely, in terms of the chemiosmotic hypothesis (Mitchell, 1968) , that this is the coupling membrane. Further analysis of energy transduction in Chlorobium limicola would be greatly aided by the
